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(57) ABSTRACT

An acoustic/pressure wave-driven device for separating a
first component from a mixture of the first component and a
second fluid component. The device comprises a rich res-
ervoir, a lean reservoir, a pump reservoir, a bridge structure,
and an acoustic/pressure wave source. The rich reservorr 1s
for contamning a fluid mixture having an elevated concen-
tration of the first component. The lean reservoir 1s for
containing a fluid mixture having a lesser concentration of
the first component that 1s leaner than the concentration of
the first component in fluid mixture of the rich reservoir. The
pump reservolr contains a fluid mixture of the first compo-
nent and the second flmd component. The bridge structure
has a sidewall defiming a gradient channel 1n fluid commu-
nication with the rich reservoir and the lean reservoir and a
length extending there between. The gradient channel 1s for
containing a fluid having a concentration gradient of the first
component along its length. A diffusion portion of the
sidewall disposed between the gradient channel and the
pump reservoir 1s adapted to permit diffusion of at least the
first component between the gradient channel and the pump
reservoir while preventing fluid flow there between. The
acoustic/pressure wave source provides acoustic waves 1nto
the pump reservoir to cause pressure oscillations 1n the fluid
mixture therein adjacent to the diffusion portion to move
molecules of the target component against the concentration
gradient from the lean reservoir mto the rich reservorr.
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ACOUSTIC/PRESSURE WAVE-DRIVEN
SEPARATION DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present patent application claims benefit of
provisional patent application No. 60/842,332, filed on Sep.
S5, 2006, the entire content of which is hereby incorporated
herein by reference

STATEMENT REGARDING
FEDERALLY-FUNDED RESEARCH AND
DEVELOPMENT

[0002] Not applicable.

THE NAMES OF THE PARTIES TO A JOINT
RESEARCH AGREEMENT

[0003] Not applicable.

BACKGROUND OF THE INVENTION

0004] 1. Field of the Invention

0005] The present invention relates generally to separat-
ing components of mixtures. More specifically, but not by
way ol limitation, the present invention relates to pressure-
driven devices for moving molecules of at least one com-
ponent against a concentration gradient to separate the at
least one component from a mixture.

10006] 2. Discussion of Related Art

0007] Separating mixtures efficiently and cost-effectively
has long been an object of the prior art. More specifically, 1t
1s oiten desirable to separate one or more components out of
a mixture contaiming several components. This applies espe-
cially to mixtures containing components having similar
properties, and/or mixtures having a solid dissolved or
otherwise dispersed within a liquid on a small scale that are
often the most diflicult or costly mixtures to separate. For
example, a mixture of two liquids having similar boiling
points can be especially expensive to separate by traditional
means, such as distillation. Additionally, mixtures having a
solid dissolved or otherwise dispersed 1n a liquid on a small
scale can be especially diflicult to separate by traditional
means, such as screening and or filtration.

[0008] Numerous examples of such mixtures are well
known 1n the art, such as, but not limited to, saltwater/
seawater, petroleum and/or hydrocarbon mixtures, alcohol/
water, propane/propylene, propanol/isopropanol, o-xylene/
m-xylene, enantiomers, racemic mixtures, and/or nearly any
other mixtures. Saltwater especially 1s a mixture for which
it 1s highly desirable to separate 1nto 1ts major components,
water and salts, as well as minor components, such as
contaminants. The demand for eflicient and eflective sepa-
ration or desalimzation of saltwater i1s ever increasing,
especially as the earth’s population increases and traditional
freshwater sources become contaminated with pollutants.

[0009] In the prior art, numerous attempts have been
made, and numerous methods researched, for such dithcult
and/or desirable separations of mixtures. Some examples of

such attempts and/or methods can be found 1n the following
U.S. patent references: U.S. Pat. No. 4,339,247 (1ssued to

Faulkner et al.); U.S. Pat. No. 4,673,512 (Schram); U.S. Pat.
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No. 5,147,562 (Heyman); U.S. Pat. No. 5,951,456 (Scott);
U.S. Pat. No. 6,210,470 (Phallips et al.); U.S. Application
Publication No. 2003/0192427 (Geller et al.); U.S. Appli-
cation Publication No. 2006/0027487 (Matsuura); Statutory
Invention Registration H1,568 (Huang et al.), all of which
are icorporated herein by reference 1n their entirety. Addi-
tional examples may also be found in the following non-
patent references: Mandralis, Z. 1. and Feke, D. L., Con-

tinuous suspension fractionation using acoustic and divided-
flow fields, Chemical Engineering Science (1993), 48(23),

3897-9035; Mukhopadhyay, R., Research Profiles: Continu-
ous separations by acoustic forces, Analytical Chemistry
(2007), 79(15), 5504; Muralidhara, H. S. and Ensminger, D.,
Acoustic dewatering and drying: state of the art review,
Proceeding to the 4™ International Drying Symposium,
(1984), 1, 304-15; N1, S., Matsuura, K., Fukazu, T., Toki,
M., and Kawaizumi, F., A novel method to separate organic
compounds through ultrasonic atomization, Chemical Engi-
neering Research and Design (2006), 84(A5), 412-415;
Sato, M., Matsuura, K., and Fujii, T., Ethanol separation
from ethanol-water solution by ultrasonic atomization and
its proposed mechanism based on parametric decay insta-
bility of capillary wave, Journal of Chemaical Physics (2001),
114(5), 2382-2386; Semyonov, S. N. and Maslow, K. 1.,
Acoustic field-flow fractionation, Journal of Chromatogra-
phy (1988), 446, 151-6; Spoor, P. S. and Swilt, G. W,
Thermoacoustic Separation of a He—Ar Mixture, Physical
Review Letters (2000), 85(8), 1646-1649; Srinivas, N. D.,
Barhate, R. S., Raghavarao, K. S. M. S., and Todd, P,
Acoustic demixing of aqueous two-phase systems, Applied
Microbiology and Biotechnology (2000), 33(6), 650-654;
Tolt, T. L. and Feke, D. L., Analysis and application of
acoustics to suspension processing, Proceedings of the 23
Intersociety Energy Conversion Engineering Conierence
(1988), 4, 327-31; Tolt, T. L. and Feke, D. L., Separation of
dispersed phases from liquids in acoustically driven cham-

bers, Chemical Engineering Science (1993), 48(3), 527-40.

[0010] Thermoacoustic engines and heat pumps have been
developed to transport thermal energy against a temperature
gradient. In general, such devices provide one or more plates
disposed within a tube or channel. The plate(s) are provided
with a low-temperature thermal sink at one end and a
high-temperature thermal source at the other end so as to
create and maintain a thermal gradient along the length of
the plates. An acoustic source activated to provide standing
(and 1 some cases traveling) acoustic waves along the
length of the plates to cause pressure oscillations 1n the gas
and/or other fluid along the length of the plates. Such
pressure oscillations create spatial and volumetric oscilla-
tions in the flmd along the length of the plates as well. The
oscillating field of pressure induces an oscillating velocity
field. Because the fluid 1s compressible, the oscillations
cause the tluid along the length of the plate to absorb thermal
energy from the relatively colder end of the plate and
transport the thermal energy towards the relatively hotter
end of the plate, against the temperature gradient.

[0011] As will also be appreciated by those skilled in the
art, the vast majority of heat transfer occurs within or near
the boundary layer of the fluid along the plate. Additionally,
the oscillations 1n pressure, and thereby temperature and
volume, are limited by the power of the acoustic waves
supplied, and thus higher capacity for thermal transport
against the gradient may, 1n some cases, be more easily
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achieved by increasing the surface area of the plate or plates
available for the transfer and transport of thermal energy.

[0012] A more detailed description of such thermoacoustic
devices, as well as illustrative figures, may be had by
reference to “Thermoacoustic engines” by G. W. Swift, in
the Journal of the Acoustical Society of America, Volume 84,
Pages 1145-1180, October 1988 (J. Acoust. Soc. Am. 84(4),
October 1988), the entire content of which 1s hereby incor-
porated herein by reference.

[0013] All patents, published patent applications, and pub-
lished articles and references listed herein are hereby
expressly incorporated by reference in their respective
entireties.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 1s a side-view diagram of one embodiment
of an acoustically-driven separation device which 1s con-
structed 1n accordance with the present invention.

[0015] FIG. 2 is a partially-cutaway, plan-view diagram of
the acoustic/pressure wave-driven device of FIG. 1.

10016] FIG. 3 1s a cross-sectional diagram of the acoustic/

pressure wave-driven device of FIGS. 2 and 3, taken along
the line 3-3 of FIG. 1.

[0017] FIG. 4 1s a graphical representation of a concen-
tration gradient between a rich reservoir and a lean reservoir
of the acoustic/pressure wave-driven device of FIG. 1.

[0018] FIGS. 5A-5G are enlarged views of a bridge struc-

ture of the acoustic/pressure wave-driven device 1llustrating
the function of the device.

[0019] FIG. 6 1s a perspective-view diagram of a second
embodiment of an acoustic/pressure wave-driven device for
separating a mixture into two components and which 1s
constructed in accordance with the present invention.

10020] FIG. 7 is a side-view diagram of a third embodi-
ment of an acoustic/pressure wave-driven device for sepa-
rating a mixture ito three components and constructed in
accordance with the present invention.

10021] FIG. 8 15 a side view diagram of a fourth embodi-
ment of an acoustic/pressure wave-driven device for sepa-
rating a mixture into five components and constructed in
accordance with the present invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

10022] Referring now to the drawings, and more particu-
larly to FIGS. 1, 2, and 3, various diagrammatic views are
shown ol an acoustically/pressure wave-activated separation
device constructed 1n accordance with the present invention
and referred to herein by reference numeral 10 for separating
at least one liquid or gaseous mixture, such as a saltwater
mixture, a petroleum and/or hydrocarbon mixture, an alco-
hol/water mixture, a propane/propylene mixture, a propanol/
1sopropanol mixture, an o-xylene/m-xylene mixture, an
cnantiomer mixture, a racemic mixture, a pharmaceutical
mixture, a drug-related mixture, other mixtures containing,
one or more of the before-recited mixtures and/or combi-
nations thereof. More specifically, FI1G. 1 depicts a side view
diagram of the device 10, FIG. 2 depicts a partially-cutaway
plan- or top-view diagram of the device 10, and FIG. 3
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depicts a cross-sectional diagram of the device 10 taken
along the line 3-3 of FIG. 1. Although the device 10 may be
interchangeably referred to herein as a separation device,
mass pump and/or a device 10, it should be understood that
although separation of at least one target component from a
mixture 1s one useful implementation, the device 10 may
lend 1tself to other implementations and the characterization
of the device 10 as a separation device should not be
construed as limiting. For purposes of illustration, and as an
example only, the device 10 will be described below as
separating a mixture of salt and water, such as seawater, but
it should be understood that the device 10 may be adapted
to separate nearly any mixture, such as those listed above, as
well as other functions and implementations.

[10023] The device 10 preferably includes one or more lean
reservoirs 14, one or more rich reservoirs 18, a pump
reservoir 22, one or more bridge structures 26, and one or
more acoustic/pressure wave sources 30. The reservoirs 14,
18 and 22 are preferably formed of a rigid, inert material, for
example: a metal, such as stainless steel; a plastic or
thermoplastic material, such as plexiglass or polycarbonate;
or any other material suitable for containing the components
and/or mixtures to be separates. In other embodiments, the
reservoirs 14, 18, and 22 may be formed i any suitable
shape to permit the device 10 to function as described below.
In some embodiments, 1t may be preferable for a portion of
the reservoirs 14, 18, and 22 to be formed of a flexible or
collapsible matenal, for example, to permit the device 10 to
be compacted or otherwise reduced 1n size to facilitate easier
transport or storage of the device 10. It should also be
appreciated that the reservoirs 14, 18, and 22 may be
constructed from any suitable material that permits the
device 10 to function as described herein, and that such
materials need not be entirely iert, but are preferably
substantially iert with respect to the mixture and compo-
nents of the mixture separated by the device 10.

[0024] The lean reservoir 14 preferably has a sidewall 34
or other structure defining an mmner space 38 adapted to
receive, and 1n operation, containing, a volume 40 of lean
flid having a concentration of the at least one target
component or “first” component. For example, to separate a
fluid mixture of saltwater having a “first” component (salt)
and a “second” fluid component (water), the space 38 of the
lean reservoir 14 will preferably contain a volume 40 of
water, which may also be referred to herein as fresh or
desalted water having a relatively low or lean concentration
of at least one salt. For such an example, and hereinafter, salt
may be interchangeably referred to as the first component or
the at least one target component, although it will be
understood that 1t may be desirable to produce drinking
water and/or separated salts by way of the separation process
contemplated herein. Although theoretically it 1s desirable
for the concentration of salt 1n the water or saltwater of the
lean reservoir 14 to be very low at potable or irrigation saline
limats, 1t will generally be more practical and cost-eflicient
to maintain a concentration of salt in the water of the lean
reservoir 14, that 1s within a range for which the salt
concentration 1s safe and acceptable for human or mammal
ingestion, the separation process will be sutlicient to produce
drinking water. Alternatively, the water produced as a result
of the present invention may be suitable for agricultural use.
In other implementations, the concentration of the at least
one target component in the mixture contained 1n the lean
reservoir 14 need only be within acceptable limits of the
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components or products produced by the separation process
of the device 10, as will be described 1n more detail below.

[0025] The rich reservoir 18 is similar in construction and
function to the lean reservoir 14, with the exception of the
mixture contained 1n the rich reservoir 18. More specifically,
the rich reservoir 18 preferably has a sidewall 42 or other
structure defining an 1mnner space 46 containing a volume 48
of fluid (brine) having a relatively high or rich concentration
of the at least one target component (e.g., the at least one salt
within the brine). The concentration of salt in the brine of the
rich reservoir 18 1s relatively higher than the concentration
of salt 1n the fresh or desalted water contained in the lean
reservoir 14 and the feed

10026] The pump reservoir 22 also preferably has a side-
wall 50 or other suitable structure that defines an inner space
54 containing a fluid (e.g., saltwater) having a concentration
of the first component or at least one target component (salt).
The salt concentration in the saltwater within the pump
reservoir 22 1s preferably between the salt concentration of
the saltwater in the lean reservoir 14 and the salt concen-
tration of the saltwater 1n the rich reservoir 18, although, in
various implementations or mixtures, certain concentrations
of the at least one target component may function more
cllectively than others.

[0027] The bridge structure 26 preferably extends a length
58 between the lean reservoir 14 and the rich reservoir 18.
The bridge structure 26 may also preferably be formed with
a width 62 (FIG. 2) and a height 66 (FIG. 3). In other
embodiments, the bridge structure 26 may be formed with
any cross-sectional shape (FIG. 3), for example, round,
triangular, ovular, fancitul, or the like. As such, the bridge
structure 26 may be defined or described with any suitable
dimension, for example, radius, diameter, major/minor
diameter, perimeter length, circumierence, or the like. In the
embodiment shown, the pump reservoir 22 is preferably
tormed with a size corresponding to the length 58 and width
62, such that the bridge structure may form an upper wall,
cover, or lid, for the pump reservoir 22. It should be
appreciated that portions of the bridge structure 26 or the
entire bridge structure 26 may be formed integrally with,
and/or separately from, the pump reservoir 22 so as to define
the limits of the pump reservoir 22. In other embodiments,

the bridge structure 26 may be formed with smaller length
58, width 62, and height 66 that are smaller than the size of
the pump reservoir 22, so as to permit the bridge structure
26 to fit partially or wholly within the pump reservoir 22, as
will be described 1n more detail below with reference to FIG.

0.

[0028] The bridge structure 26 preferably has at least one
sidewall 70 defining a gradient channel 74. As will be
appreciated by those skilled in the art, 1n the embodiment
depicted 1mn FIGS. 1-3, the mternal dimensions of the gra-
dient channel 74 generally correspond closely to the dimen-
sions of length 38, width 62, and height 66 of the bridge
structure 26. More specifically, the mternal dimensions of
the gradient channel 74 equal the dimensions (length 38,
width 62, and height 66) of the bridge structure 26 with the
respective thickness of each corresponding sidewall 70
subtracted. The sidewall 70, and/or any other suitable struc-
tures that define the gradient channel 74 may be of unitary
construction or may be formed with multiple pieces or
portions.
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[0029] At least a portion of the sidewall 70, referred to
herein as a diffusion portion 78, 1s disposed between the
gradient channel 74 and the space 54 defined by the pump
reservoir 22. The diffusion portion 78 of the bridge structure
26 1s adapted to permit diffusion of at least the first com-
ponent, such as salt, between the gradient channel 74 and the
space 34 defined by the pump reservoir 22, while preventing
fluid tlow between the gradient channel 74 and the space 54
defined by the pump reservoir 22. In the preferred embodi-
ment, the diffusion portion 78 1s formed of a ngid or
semi-rigid membrane material that permits diflusion of at
least the first component (e.g. salt) through the diffusion
portion 78 while preventing fluid flow through the diffusion
portion 78. The diffusion portion 78 1s preferably formed of
a membranous material, for example, polymer, latex, and/or
other plastics, rubbers, or natural and/or synthetic fibrous
materials, having a microporous structure having plurality of
pores 86 (or porous passages) therethrough. Although the
pores 86 are shown enlarged in FIGS. 1-3 for clanty and
case of understanding, 1t will be appreciated by those skilled
in the art that the pores 86 will be extremely small (on a
nanoscale or microscale) to permit the diffusion portion 78
to function as described herein. In the preferred embodi-
ment, the membranous material of the diffusion portion 78
preferably has known characteristics such as porosity, pore
diameter and length as well as tortuosity, such that the
function of the diflusion portion 78 may be predicted and/or
modeled, and the device 10 may be reliably manufactured to
function within desirable operating parameters, for example,
capacity and/or rates ol separation.

[0030] The membrane material of the diffusion portion 78
1s also preferably substantially inert with respect to the
mixture being separated. The diffusion portion 78 of the
sidewall 70 1s also preferably rigid or semi-rigid so as to
isolate the gradient channel 74 from pressure oscillations
and/or tlow-induced vibrations or pressure variations within
the space 54 of the pump reservoir 22 such that the gradient
channel 74 may be maintained in a substantially-static or
steady state during operation of the device 10.

[0031] As will be appreciated by those skilled in the art
from the description of the function of the device 10 below,
the majority of molecular activity within the gradient chan-
nel 74 takes place within a boundary layer (not shown)
adjacent the diflusion portion 78 of the sidewall 70. Thus, 1n
most embodiments, there 1s little need for the height 66 of
the bridge structure 26 to be great enough to leave much
more space than the thickness of the boundary layer between
the respective sidewall 70 and diffusion portion 78 for the
gradient channel 74. Practical manufacturing constraints
such as ease and cost of manufacture may, in some cases
require that the height 66 be large enough to accommodate
a space between the sidewall(s) 70 and 78 on the order of,
for example, ten to 100 times the thickness of the boundary
layer (not shown). In some embodiments, the height 66 may
be great enough to permit the height of the gradient channel
74 1o be even larger. As will be appreciated, the height or
thickness of the gradient channel 74 for the embodiment of
the device 10 depicted will be equal to the height 66 minus
the thickness of the sidewall 70 and the diffusion portion 78.
Similarly, the width of the gradient channel 74 will be equal
to the width 62 minus two thicknesses of the sidewall 70.
Thus, the height, width, or other dimension of the gradient
channel 74, as may herein be referred to or described, will
correspond to the internal dimensions (length, width, and
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height) of the bridge structure 26 and the maximum dimen-
sions of the gradient channel 74 defined therein and there-

through.

[0032] The acoustic/pressure wave source 30 1s preferably
positioned so as to provide acoustic waves of known char-
acteristics to the pump reservoir 22, and more specifically, to
the fluid contained within the space 54 defined by the pump
reservoir 22, so as to induce pressure oscillations of the fluid
within the pump reservoir 22. The acoustic/pressure wave
source 30 may be 1n direct physical contact with the sidewall
50 of the pump reservoir 22, or spaced a distance therefrom
(not shown). In other embodiments, the acoustic/pressure
wave source 30 may be placed within the space 54 defined
by the pump reservoir 22. The acoustic/pressure wave
source 30 may be any suitable source of acoustic waves, for
example, one or more speakers, piezoelectric elements,
vibrating membranes, moving member(s), or the like or
combinations thereof. The acoustic/pressure wave source 30
can introduce the acoustic or pressure waves 1n a variety of
manners, either directly or indirectly and/or from a variety
of locations. Preferably, the acoustic/pressure wave source
30 1s either tunable to provide acoustic or pressure waves
having desired characteristics, or inherently provides acous-
tic or pressure waves ol predetermined characteristics. Such
characteristics may include, but are not limited to, fre-
quency, wavelength, amplitude, phase, and or any other
characteristics known 1n the art and/or inherent to acoustic
waves. In the preferred embodiment, the acoustic/pressure
wave source 30 provides standing acoustic waves. However,
in other embodiments, traveling, or any other suitable types
ol acoustic or pressure waves may be provided that permait
and/or enable the device 10 to function as described herein
in accordance with the present invention. The acoustic/
pressure wave source 30 1s also preferably adjustable or
selectively controllable, by any suitable methods, such that
the frequency and/or the amplitude of the acoustic or pres-
sure waves provided may be selectively varied to vary the
power delivered to the pump reservoir 22 by the acoustic
waves.

[0033] As shown in FIGS. 1-3, for example, the lean
reservoir 14 and the rich reservoir 18 are preferably disposed
so as to be out of the direct line of the acoustic waves 1n the
pump reservoir 22, and produced by the acoustic/pressure
wave source 30. In other embodiments, the lean reservoir 14
and rich reservoir 18 may be acoustically insulated so as to
insulate the fluid therein from a portion of, or substantially
all of, the acoustic waves provided by acoustic/pressure
wave source 30. In yet further embodiments, the lean
reservoir 14 and rich reservoir 18 may be 1n direct or indirect
acoustic commumnication with the acoustic/pressure wave
source 30.

10034] Each of the lean reservoir 14 and rich reservoir 18
1s also preferably provided with at least one product outlet
90 and 94, respectively. A lean product stream 98 can be
output from the lean reservoir 14 via product outlet 90, and
a rich product stream 102 can be output from the rich
reservoir 18 via product outlet 94. The product outlets 90
and 94 are preferably controllable and selectively capable of
synchronization so as to permit the extraction of lean and
rich product streams 98 and 102, respectively, at substan-
tially-desirable and/or predetermined rates so as to balance,
maintain, and/or otherwise adjust or determine the relative
concentrations of salt in the mixtures within the lean reser-
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volir 14 and the rich reservoir 18, the concentration gradient
in the fluid (or gas) of the gradient channel 74, and/or any
other parameters or characteristics of the device 10. In many
embodiments, 1t may further be desirable to connect valves,
tubes, hoses, and/or any other conduits to the product outlets
90 and 94 to control and collect the lean product stream 98
and rich product stream 102, respectively. In other embodi-
ments, the lean and rich product streams 98 and 102,
respectively, may be controlled, directed, collected, or the
like 1n any suitable fashion for a particular embodiment or
implementation of the device 10. The product outlets 90 and
94 may be constructed, formed, or otherwise provided with
any suitable structure or mechanism to permit the function
described herein. For example, the product outlets 90 and 94

may include any suitably-controllable valves, orifices, aper-
tures, or the like.

[0035] In the exemplary description of the separation of
seawater, the lean product stream 98 will comprise water
having a relatively low concentration of salt (e.g., iresh
water or desalted water), and the rich product stream 102
will comprise water having a relatively high concentration
of salt (e.g., brine). As will be appreciated, the concentration
of salt in the lean product stream 98 will preferably be at
least about equal, and more preferably substantially equal, to
the concentration of salt 1n the fluid of the lean reservoir 14.
Similarly, the concentration of salt 1n the rich product stream
102 will preferably be at least about equal, and more
preferably substantially equal, to the concentration of salt in
the fluid of the rich reservoir 18. Although, the lean and rich
product streams 98 and 102, respectively, are described
herein as “streams,” it should be appreciated that the respec-
tive lean and rich product streams 98 and 102 may be
extracted at any suitably-functional rate for a given imple-
mentation, embodiment, or application of the device 10.

[0036] As will be appreciated by those skilled in the art,
fluid volumes depleted by the outgoing lean and rich product
streams 98 and 102, respectively, are preferably replaced
with incoming and generally unseparated “raw” or “crude”
mixture streams 106a and 1065 entering lean reservoir 14
and rich reservoir 18, respectively, to be separated such that
the outgoing lean and rich product streams 98 and 102,
respectively, are maintained during operation at known
rates. It will also be appreciated that during normal operation
of the device 10, the incoming crude streams 106a and 1065
are preferably provided to the lean reservoir 14 and the rich
reservoir 18 as a function of the concentrations of the lean
reservoir 14 and the rich reservoir 18 and the concentration
of the streams 106a and 1065 or otherwise-equivalent rates
to those of the outgoing lean and rich product streams 98 and
102, respectively. The incoming crude mixture streams 1064
and 1060 may be provided by any suitable means, for
example, hoses, nozzles, pumps, or the like, and may
originate at a single crude mixture source 106, or may
originate Ifrom separate sources (not shown). In some
embodiments, 1t may be desirable and/or advantageous to
perform some preliminary separation prior to delivering the
incoming crude mixture streams 106a and 1065 to the lean
and rich reservoirs 14 and 18, respectively, such that the
concentration of the at least one target component (e.g., salt)
in the crude mixture stream 106a i1s different from (e.g.
lower than) the concentration of the at least one target
component (e.g., salt) in the crude mixture stream 10654. In
any event, the crude mixture streams 106a and 1065 are
preferably not 1n a final or desired stage of separation prior
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to entering the device 10, such that the device 10 provides
some measure ol additional separation of the at least one
target component from the crude mixture(s).

[0037] Referring now to FIGS. 4 and 5A-5@G, the operation
of the device 10 will be described conceptually. FIG. 4
depicts an approximation of the concentration gradient in the
gradient channel 74 (FIGS. 1-3) along the length 58 (FIG. 1)
of the gradient channel 74. More specifically, the vertical
axis designated by the reference numeral 150 spatially
corresponds to the intersection of the gradient channel 74
and the space 38 defined by the lean reservoir 14 (FI1G. 1).
Similarly, the vertical axis designated by the reference
numeral 154 spatially corresponds to the intersection of the
gradient channel 74 and the space 46 defined by the rich
reservoir 18, such that the portion of the horizontal axis 158
between vertical axes 150 and 154 corresponds in length
with the length 58 of the gradient channel 74 (FIG. 1). Thus,
the linear curve 162 depicts an approximation of the con-
centration gradient from a relative high concentration 166
corresponding to the rich reservoir 18 to a relative low
concentration 170 corresponding to the lean reservoir 14.
The curve 162 can be linear, non-linear, parabolic, or the
like, or any combination thereof.

[0038] Referring now to FIGS. 5A-5G, depicted 1s the

bridge structure 26, as well as a portion of each of the lean
reservoir 14, rich reservoir 18, and pump reservoir 22. The
following 1s a conceptual discussion of how the device 10
operates. As will be appreciated by those skilled 1n the art,
a volume of fluid may be conceptually considered as com-
prising a collection of tiny “packets” or “parcels.” As such,
the fluid mixture 172 within the gradient channel 74 1s
depicted as a conceptual representation having a plurality of
gradient packets, e.g. 174, 178,182, and 186. As will be
appreciated, in this substantially-linear-gradient embodi-
ment, the concentration of the first component (e.g., salt)
within each of the packets, e.g., 174, 178, 182, 186, of the
fluid 172 will increase with relative proximity to the rich
reservoir 18. It should be understood that the packets are
being discussed for illustrating how the device 10 operates.
In practice, the fluid mixture 172 1s a continuum of mol-
ecules. For example, packet 186 will have a higher salt
concentration than packet 182, 1n proportion to the relatively
closer proximity to the rich reservoir 18 than that of packet
182. Similarly, packet 182 will have a higher salt concen-
tration than packet 178, and 178 greater than 174, 1n like
tashion. Although packets are shown extending along nearly
the entire length 58 (FIG. 1) of the gradient channel 74, only
a few of such packets are numbered for brevity. The packets,
c.g., 174, 178, 182, and 186, of the fluid 172 within the
gradient channel are preferably substantially still during
operation of the device 10. That 1s, the packets, e.g. 174,
178, 182, and 186, preferably move very little, 11 at all, on
a macroscopic scale so as to maintain the concentration
gradient of the fluid 172 1n the gradient channel 74 1n a
substantially constant or steady state. Thus, the packets, e.g.,
174,178, 182, 186, are shown abutting one another and with
constant position and volume throughout FIGS. 5A-5G.

10039] Similarly, a fluid 188 within the pump reservoir 22
may also be conceptually considered as comprising a plu-

rality of packets, e.g. 190, 194, 198, and 202. Although only
a few packets, e.g. 190, 194, 198, 202 are shown and
numbered, 1t should be appreciated that such conceptual
packets will necessarily encompass the entire volume of
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fluid 188. FIG. 5A depicts a moment in which the acoustic/
pressure wave source 30 1s deactivated, as indicated by the
lack of acoustic waves within the fluid 188 of the pump
reservoir 22.

[0040] During operation of the device 10, crude mixture
streams 106a and 1065 deliver crude mixture(s) at known
rates such that the power provided to the pump reservoir 22
by the acoustic/pressure wave source 30 1s preferably
adjusted to correspond to that required by the desired rate of
separation. Simultaneously with the incoming crude mixture
streams 106a and 1065, the lean and rich product streams 98
and 102, respectively, preferably remove separated products
from the lean and rich reservoirs 14 and 18, respectively, at
a rate corresponding to that of the inputs of crude mixture
streams 106a and 1065 and the desired concentrations of the
lean and rich reservoir. As will be described 1n more detail
below, a nearly infinite number of the packets, e.g. 190, 194,
198, and 202, carry the at least one target component from
the fluud volume 40 of the lean reservoir 14 to the fluid
volume 48 of the rich reservoir 18.

[0041] The crude mixture stream 106a (FIG. 1) input into
the fluid volume 40 of the lean reservoir 14 will generally
have a higher concentration of the first component (e.g., salt)
than the fluid volume 40 already in the lean reservoir 14.
Thus, as the crude mixture stream 106qa 1s added, a surplus
of molecules of the first component (e.g., salt) will develop
within the lean reservoir 14. In order to separate the first
component (e.g., salt) from the fluid mixture (fluid volume
40), the molecules of salt must be transported to the rich
reservoir 18. Although it will be appreciated that all of the
packets, e.g. 190, 194, 198, 202, or at least the ones adjacent
to the diffusion portion 78, will cooperate to transport
numerous molecules of the at least one target component
against the concentration gradient within the gradient chan-
nel 74, by way of illustration, the path of a single exemplary
molecule 206 will be described herein.

10042] Referring now to FIG. 5B, acoustic/pressure waves
210 are provided to the fluid 188 tank reservoir 22 from the
acoustic/pressure wave source 30. The acoustic/pressure
waves 210 are preferably of known characteristics, for
example, wavelength 214 and amplitude 218. Although the
acoustic/pressure waves 210 are depicted moving in a first
direction 222 corresponding to the position of the acoustic/
pressure wave source 30 (FIG. 1), 1t should be appreciated
that the direction of travel for the acoustic/pressure waves
210 may be 1n any suitable orientation. As the acoustic/
pressure waves 210 pass through the fluid 188 within the
pump reservoir 22, the waves generate oscillations 1n pres-
sure within the fluid 188. Such oscillations may be charac-
terized as having a relative maximum or “max’” pressure and
a relative mimimum or “min’” pressure, which for clarity and
brevity correspond in the FIGS. 5B-5G to the peaks 226 and

valleys 230 of the acoustic/pressure wave 210 depicted.

[0043] As shown in FIG. 5B, each of the packets 190, 194,
198, 202, will oscillate between a first location having a
relative min pressure and a second location having a relative
max pressure. For example, packet 190 will oscillate
between a first location 190q having a relative min pressure
and a second location 1905 having a relative max pressure.
As will be appreciated by those skilled in the art, when the
packet 190 1s 1n the first location 190a having the relative
min pressure, the volume of the fluid in the packet 190 will
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increase. As will further be appreciated, as the volume
increases, the concentration of the at least one target com-
ponent in the packet 190 will also decrease. Conversely,
when the packet 190 moves to the second position 1905, the
pressure 1ncreases to a relative max pressure, which
decreases the volume of the packet 190, thereby increasing
the concentration of the at least one target component within
the fluid of the packet 190. Similarly, and as depicted, the
other packets, e.g. 194, 198, and 202, of fluid 188 within the
pump reservoir 22 and adjacent to the membrane material

82, will undergo similar spatial, pressure, volume, and
concentration oscillations. Although water and other liquids
are assumed to be mcompressible on macroscopic scale and
the packets, e.g., 190, 194, 198, 202, are depicted 1n a greatly
conceptually magnified form for clarity, it will be appreci-
ated by those skilled 1n the art that, these fluids exhibit after
all finite compressibility and therefore, they shrink or
expand with higher or lower pressure. Thus at the packet
level representation, the oscillations 1n volume of the flud
packets are suflicient to permit functional changes and
concentration to permit the device 10 to function as follows.
If a continuous flmid representation 1s used, instead of the
convenient and illustrative representation of packets moving
back and forth, then what 1s taking place 1s that a pressure
standing wave 1s present, which induces velocity and density
oscillations, then because of the changes 1in density, and
because the mass 1s constant, the concentration changes.

[0044] Beginning in FIG. 5A, the exemplary molecule 206
1s shown positioned near the lean reservoir 14 1n the gradient
channel 74. As the acoustic/pressure wave 210 depicted 1n
FIG. 5B starts the fluid 188 of the pump reservoir 22, packet
190 shifts to a first position 190a with a relative min pressure
such that packet 190 expands to as shown in position 190a,
reducing the concentration of salt within the fluid of the
packet 190. The reduction of the concentration in the packet
190a causes a localized concentration gradient from the
portion of the gradient channel 74 1n which the molecule 206
was 1nitially disposed to the packet 190a. The concentration
gradient thus causes the molecule 206 to diffuse from 1ts
initial position, indicated by the reference numeral 206aq,
through the diffusion portion 78, to its final position 2065
within packet 190a.

10045] Referring now to FIG. 5C, the acoustic/pressure
waves 210 1 the fluud 188 of the pump reservoir 22
continues such that the packet 190 shifts to a second position
1906 of relative higher (maximum) pressure, causing the
volume of packet 190 to decrease and, consequently, the salt
concentration of packet 190 to increase above that of packet
174 1n the gradient channel 74. Thus, in position 1905, a
local concentration gradient i1s created from packet 190 to
packet 174, thereby causing the molecule 206 to diffuse
from an position 2065, through the diflusion portion 78 to a
position 206¢ within packet 174.

[0046] Continuing on, and as best shown in FIG. 5D, the
acoustic/pressure waves 210 in the fluid 188 of the pump
reservoir 22 continues, causing the packet 194 to oscillate
back to a first position 194a having a relative lower (mini-
mum) pressure, thereby increasing the volume of the packet
194 and decreasing the salt concentration of the fluid of
packet 194. As described above, this drop in concentration
creates a local concentration gradient from packet 174 to
packet 194 when packet 194 1s 1n the first position 194a,
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thereby causing the molecule 206 to diffuse from position
206¢, through the diffusion portion 78, to a final position
2064 within packet 194a.

[0047] Continuing further, and as best shown in FIG. 5E,
the acoustic/pressure waves 210 1n the fluid 188 of the pump
reservoir 22 continues, causing the packet 194 to oscillate
back to a second position 1946 having a relative max
pressure, thereby decreasing the volume of the packet 194
and increasing the salt concentration of the fluid of packet
194. As described above, this rise 1n concentration creates a
local concentration gradient from packet 194 to packet 178
when packet 194 1s 1n position 1945, thereby causing the
molecule 206 to diffuse from position 2064, through the
diffusion portion 78, to a position 206 within packet 178.

[0048] As best shown in FIG. 5F, the cycle continues as
the acoustic/pressure waves 210 1n the fluid 188 of the pump
reservoir 22 continues, causing the packet 198 to oscillate
back to a first position 198a having a relative min pressure,
thereby increasing the volume of the packet 198 and
decreasing the salt concentration of the fluid of packet 198.
As described above, this drop 1n concentration creates a
local concentration gradient from packet 178 to packet 198
when packet 198 1s 1n position 198qa, thereby causing the
molecule 206 to diffuse from position 2064, through the
diffusion portion 78, to a position 206 within packet 198a.

10049] Finally, and as best shown in FIG. 5G, the acoustic/
pressure waves 210 1n the fluid 188 of the pump reservoir 22
continues, causing the packet 198 to oscillate back to a
second position 1985 having a relative max pressure,
thereby decreasing the volume of the packet 198 and
increasing the salt concentration of the flmd of packet 198.
As described above, this rise 1n concentration creates a local
concentration gradient from packet 198 to packet 182 when
packet 198 1s 1n position 1985, thereby causing the molecule
206 to difluse from position 206/, through the diffusion
portion 78, to position 206g within packet 182.

[0050] As will be appreciated by persons of ordinary skill
in the art, the process described and depicted with reference
to FIGS. 5A-5G, operates across a surface of the diffusion
portion 78 via a nearly-infinite number of such tiny packets,
c.g., 190, 194, 198, 202, transporting a nearly-infinite num-
ber of molecules, such as molecule 206, against the con-
centration gradient of the fluud 172 within the gradient
channel 74, 1.e., from the lean reservoir 14 to the rich
reservoir 18.

[0051] Although for clarity the process is described as
transporting one target component (salt) from out of the
mixture (saltwater), the device 10 transports components in
opposite directions, such as, for example, by transporting
water molecules from the rich reservoir 18 to the lean
reservoir 14 and transporting salt molecules from the lean
reservoir 14 to the rich reservoir 18, or the like, for any
mixture which it 1s desirable to separate one or more target
components. In other embodiments, the device 10 may
turther be adapted to separate two tluids, such as water and
alcohol, or the like, and/or two solids, such as two types of
salts.

[0052] As will be appreciated by those skilled in the art,
the separation capacity of the device 10 depends on a
number of factors which may be varied to achieve desired
results. For example, the expansion and contraction of the



US 2008/0053787 Al

individual packets, e.g. 190, 194, 198, 202, or, alternatively
explained using a continuous representation, the density
oscillations, are limited by a variety of factors, and transport
of the molecules of the at least one target gradient will be
dependent on the creation of local concentration gradients to
cause molecules to diffuse through the diffusion portion 78.
Thus, the slope of the concentration gradient will affect the
amount of power required of the acoustic/pressure waves
210 to achieve the necessary compression ratio of the
packets. Intuitively, the greater the slope of the concentra-
tion gradient, the greater amount of power necessary for the
device 10 to function as described. Thus, for higher con-
centration diflerentials between the lean and rich reservoirs
14 and 18, it will often be desirable to lengthen the bridge
structure 26, and thereby the gradient channel 74.

[0053] Another factor which affects separation capacity is
the rate of diffusion through the diffusion portion 78. The
rate of diffusion through the diffusion portion 78 often
depends on the porosity, pore diameter, and thickness of the
diffusion portion 78. Thus, to increase the overall flux of the
targeted component from the lean reservoir to the rich
reservolr against the concentration gradient, thus also
increasing the total flux through the diffusion portion 78, and
thereby increase the separation capacity of the device 10, it
may be desirable to increase the surface area of the mem-
brane material of the diffusion portion 78 of sidewall 70 that
separates and 1s adjacent to the fluid of the pump reservoir
22 and the fluid of the gradient channel 74. For example, the
surface area may be increased by lengthening and widening
the gradient channel 74, and/or by providing a plurality of
gradient channels 74 each having a diffusion portion 78
adjacent to the fluid 188 of the pump reservoir 22. Addi-
tionally, by providing the bridge structure 26 with a diffusion
portion 78 comprising a membrane material having
increased porosity, decreased thickness and/or decreased
tortuosity, the diflusion rate may also be increased. How-
ever, the porosity 1s preferably not increased, and the tortu-
osity 1s preferably not decreased, to a point at which pressure
oscillations and/or other variations are substantially trans-
terred from the pump reservoir 22 to the gradient channel
74, however, 1n some embodiments, 1t may in fact be
desirable or advantageous to do so.

[0054] The foregoing factors are presented for exemplary
purposes and are 1n no way 1tended to be limiting. It should
be understood that numerous other factors aflecting the
performance and function of the device 10 are inherent 1n the
structure and function of the device 10, and may be adjusted
without departing from the scope of the invention. For
example, the size of the lean and rich reservoirs 14 and 18
can be varied as well as the concentration of the at least one
target component in the pump reservoir 22.

[0055] By way of example, an embodiment of the device
10 depicted 1n FIGS. 1-5G for separating a liquid mixture
may be modeled in some respects with the following equa-
tions. It will be appreciated by those skilled in the art that the
following equations do not attempt to encompass every
aspect of the ivention, nor do they necessarily set forth
every step of their derivations. The equations include certain
assumptions (like 1ignoring smaller second order viscous and
thermal eflfects as well as others) and are mntended merely to
present certain elements of the invention which should assist
one skilled 1n the art 1n making and using an embodiment of
the device 10 as well as appreciating one or more aspects of
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the inherent theoretical foundations of the present invention.
It should be understood that the following equations dem-

onstrate one of many possible calculations related to the
device 10.

[0056] Starting with the continuity equation:

%L:+V(QAP+JA):D [EQ 1]

[0057] Assuming a binary mixture, the molar flux J , being
only concentration driven and Fick’s Law.

[EQ. 4]

aCH 5
T +vWea x DVicqy —caVV

[0058] We now assume that on top of the concentration
profile 1n the direction from the rich reservoir 18 to the lean
reservoir 14 (the x direction or coordinate) ¢_ (x), we add an
oscillating part whose amplitude 1s given by c¢,(x, v). We
also recognize that the mean velocity of the fluid in the x
direction 1s zero, so we only write an oscillating term whose
amplitude 1s given by v,(x) and finally, we do the same for
the pressure, where an oscillating term with amplitude p, (x)
1s added on top of the mean pressure p,,,, which 1s assumed
constant. Thus, we write

Ca=Cm(X)+c (x,y)e” [EQ. 5]
y=iv(x)e'" [EQ. 6]
P=p,+p(x)e"”" [EQ. 7

[0059] Substituting, one gets:

. OCm dc [EQ. 8]
iwc1 @8 + jv| — & + jv| — e =
dx dx
ey dvy dvy OC1\ »,
D—— e —ge,, —e"" — E’(Cl — + vy —)Ezm
dy 0x Ox 0x

[0060] If one now neglects diffusion in the x-direction and
second order terms, one gets

61»"1

Jx

1( |EQ. 13]
C1 = ——|Ciy

+ v %][1 + o 2p 9]
(o)

dx

[0061] By looking at concentrations at y=0 (at the diffu-
sion portion 78) and far away from the diffusion portion 78
one can obtain a critical concentration gradient that defines
the limit at which the device 1s a mass pump

[EQ. 16]

(acm) Coy OV C (0
Ax /criz V1 O0x #)

[0062] where a is the speed of sound in the fluid. In other
words, as 1n the case of a thermo-acoustic engine, mass
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transier will take place 1n the direction described, 1.¢. against
the gradient only if the gradient 1s smaller than a critical
value, 1.e.

[EQ. 17]

[0063] The molar flux in the x direction is obtained by
integration using II as the plate width

Ve<Ve, ~c, o/a

w0 18
Ja=11| vierdy Q18

0

1
:—HﬁRe{ﬁ'vlcl}cﬁy

2 Jo

1
:—l_[fmvllm{cl}ﬁﬂy

2 Jo

[0064] Substituting ¢, we obtain

[EQ. 19]

1s the thickness of the penetration depth (where basically all
the mass transier eflect takes place) was used. Expressing,
now all this 1n terms of

(5 0= Gl
14(0) = Sl —rﬂ)-[%]zmz(?), where [EQ. 20]
(Sem) EQ. 21]
le = ﬁcfj
(W)arir

[0066] While the power needed per unit mass transported
per unit length of membrane, from the lean reservoir 14 to
the rich reservoir 18 1s:

|EQ. 23]

S.

= wilMa

Sy
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GLOSSARY

[0067] a: speed of sound in the fluid.

C.: concentration of component A
0068]

0069] c,: amplitude of oscillating concentration part of
the concentration term

... non oscillating concentration profile.

0070] J.: molar flux of component A

0071] L: Distance between lean and rich reservoir or
length of the bridge structure

0072] P: total pressure

0073] p,: mean pressure (constant)

0074] p,: amplitude of oscillating pressure part of the
pressure term

0075] wv: velocity

0076] v,: amplitude of oscillating velocity part of the
velocity term

0077] Greek Symbols

0078] 0: thickness of the mass transfer penetration depth
0079] p.: molar concentration of component A

0080 II: Cross sectional area of the gradient chamber
0081] w: frequency

[0082] Referring again to the drawings, shown in FIG. 6 is

a perspective-view diagram of a second embodiment of an
acoustically/pressure wave-driven separation device 10q as
constructed in accordance with the present invention and
referred to therein by the general reference numeral 10a. The
device 10q 1s similar 1n many respects, in both form and
function, to the device 10 of FIGS. 1-5G. Specifically, the
device 10a 1s pretferably provided with a lean reservoir 14a,
a rich reservoir 18a, a pump reservoir 22a, a bridge structure
264, and an acoustic/pressure wave source 30a. The lean and
rich reservoirs 14a and 18a, respectively, are filled during
operation with crude mixture streams 106a and 1065,
respectively. Sitmilarly, the lean and rich reservoirs 14a and
14b, respectively, are dramned by lean and rich product
streams 98a and 1024, respectively, via product outlets 90a
and 94a, respectively.

[0083] The primary difference between the device 10a and
the device 10 (FIGS. 1-3), 1s that the bridge structure 264 1s
tully submerged or within the pump reservoir 22a, and the
bridge structure 26a 1s provided with a correspondingly
different physical form. More specifically, rather than having
a single diffusion portion formed of a membrane material or
its functional equivalent, the bridge structure 26a is pro-
vided with a plurality of diffusion portions 78a (e.g., three),
cach comprising a double membrane, and each diffusion
portion 78a defining a gradient channel 74a positioned
between the double membranes. By way of example, the
bridge structure 26a defines three gradient channels, each of
which 1s sandwiched between two sheets of membrane
material of the diffusion portion 78a, respectively, to
increase the surface area available for diffusion, as described
above.

|0084] 'The acoustic/pressure wave source 30q is provided
by way of example as a vibrating membrane 30a forming a
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portion ol the pump reservoir 22a. Although termed a
vibrating “membrane,” 1t should be understood 1n this con-
text that when used as the acoustic/pressure wave source
30a, such a vibrating membrane 1s preferably not porous or
permeable 1n any way. The acoustic/pressure wave source
30a may be constructed and positioned 1n a similar manner
as the acoustic/pressure wave source 30 described above.

[0085] Referring now to FIG. 7, shown therein is a side-
view diagram of a third embodiment of an acoustic/pressure
wave-driven separation device constructed in accordance
with the present invention and referenced therein by general
reference numeral 105. The device 1056 1s adapted with three
concentration reservoirs 250a, 2505, and 250c¢, such that the
device 1056 1s capable of separating a crude mixture into
three components and/or component mixtures or sub-mix-
tures. With the exception of several changes 1n form and the
addition of an additional separation function, the device 1056
1s similar 1n many respects, in both form and function, to the
device 10 of FIGS. 1-3 and the device 10a of FIG. 6. The
device 10, 10q and 105 can have one or more pressure wave
source(s) and one or more pump reservoit.

[0086] For example, the device 106 i1s provided with a
plurality of concentration reservoirs, e.g. 250a, 2505, and
250¢ (and optionally more than three), a pump reservoir 225,
a bridge structure 265, and an acoustic/pressure wave source
3054. The concentration reservoirs 250q, 2505, and 250¢ are
similar in form and function to the lean and rich reservoirs
14 and 18, respectively, of the device 10 1n FIGS. 1-3 and
have inner spaces 254a, 254b, and 254c¢, respectively. How-
ever, because the device 106 1s adapted to separate a crude
mixture into three components A, B, and C, each concen-
tration reservoir 250a, 2505, 250¢ has a relatively high
concentration of 1ts respective target component and a
relatively low concentration of the other target components.
For example, concentration reservoir 250aq has therein a
relatively high concentration of component A and relatively
low concentrations of components B and C; concentration
reservoir 25056 has a relatively high concentration of com-
ponent B and relatively low concentrations of components A
and C; and concentration reservoir 250c¢ has a relatively high
concentration of component C and relatively low concen-
trations ol components A and B. Additionally, many embodi-
ments will have an additional fluid component in the fluid

mixture to be separated to facilitate function of the device
105, as described herein.

[0087] The bridge structure 265 is preferably formed such
that a continuous gradient channel 7456 1s 1 fluid commu-
nication with each of the spaces 2354a, 2545, and 254c¢
defined by the respective concentration reservoirs 250aq,
2500, and 250¢. Thus, three separate concentration gradients
are created within the gradient channel 745, each with the
concentration of the respective target component A, B, or C
highest at a point closest to the respective concentration
reservolr 250a, 2505, or 250¢, and with the concentration of
the respective target component A, B, or C decreasing as the

distance increases from the respective reservoir 250a, 2505,
250c.

|0088] The pump reservoir 226 also includes at least one
dividing wall 245 dividing the pump reservoir 225 into a first
portion 534AB corresponding to the portion of the gradient
channel 745 between the concentration reservoirs 250a and
250b, and a second portion 54BC corresponding to the
portion of the gradient channel 745 between the concentra-
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tion reservolrs 2500 and 250c¢. Although, the dividing wall
24b 1s preferably included, in some embodiments, it may be
reduced, perforated, omitted, or otherwise altered.

[0089] The acoustic/pressure wave source 3056 is also
slightly different 1n that the acoustic/pressure wave source
306 1s depicted as spaced apart from the pump reservoir 225.
As described above, however, the acoustic/pressure wave
source 306 1s preferably close enough to, or otherwise
disposed relative to, the pump reservoir so as to provide
acoustic waves to the pump reservoir 22b. It should be
understood that the acoustic/pressure waves can be ntro-
duced 1n a variety of manners.

[0090] In operation, the device 104 functions in a largely
equivalent manner to the device 10 of FIGS. 1-3. Specifi-
cally, the acoustic/pressure wave source 305 provides acous-
tic/pressure waves to the pump reservoirr 226 to cause
pressure oscillations 1n a tluid within the pump reservoir
22b. Such oscillations create oscillating and alternating local
concentration gradients across a diflusion portion 785 com-
prising a membrane material, thereby permitting the device
105 to separate a crude mixture by transporting one or more
target components against their respective concentration
gradients to separate the target component(s) where they can
be extracted 1n their respective product streams (not shown)
in like manner as 1s described above.

[0091] Referring now, to FIG. 8, a side view diagram of a
fourth embodiment of an acoustic/pressure wave-driven
device, for separating a mixture into five components,
constructed in accordance with the present invention and

designated by the general reference numeral 10c. Similar to
the device 105 of FIG. 7, the device 10c¢ 1s provided with a

plurality of concentration tanks 260a, 2605, 260c¢, 2604, and
260¢, cach having an inner space 264a, 264H, 264c, 2644,

and 264e, respectively. The device 10c¢ also preferably
comprises a bridge structure 26¢ defining a gradient channel

74c extending across and 1n fluid communication with each
of the spaces 264a, 264b, 264c, 264d, 264¢ so as to permit

the various target components A, B, C, D, E to maintain
respective concentration gradients within the gradient chan-
nel 74¢. Additionally, the device 10c¢ 1s provided with at least
one acoustic/pressure wave source 30c¢ similar to the other

acoustic/pressure wave sources 30-305 described elsewhere
herein.

[0092] The primary difference between the device 10¢ and
the devices 10, 10a, and 1054, 1s that the device 10c¢ 1s
provided with a plurality of pump reservoirs 22¢, 22d, 22e,
and 22/. As shown, each pump reservoir 22¢, 22d, 22e, 22f
preferably corresponds to and 1s disposed roughly between
adjacent concentration reservoirs 260a, 2605, 260c, 2604,
and 260e. For example, pump reservoir 22¢ corresponds (1s
adjacent) to concentration reservoirs 260a and 2605, pump
reservoir 22d corresponds (is adjacent) to concentration
reservoirs 260¢ and 2604, and so on. In other embodiments,
the device 10c may be provided with a single pump reser-
voir, etther with or without dividing walls (as 1n the device
1056 of FIG. 7), or may be provided with two or more pump
reservoirs, each corresponding to two or more concentration
reservoirs. In operation, the device 10c¢ operates i like
fashion to the embodiments described above with reference
to FIGS. 1-7. The primary feature of the device 10c¢ 1s that
it 1s adapted to separate more complex mixtures nto up to
five components or component mixtures. For example, the
device 10c may be especially suited to the separation of
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petroleum mixtures mmto components or component mix-
tures, such as gasoline, diesel, propane, or the like.

[0093] In general, the present invention is directed to the
use ol acoustic or pressure waves o separate mixtures.
However, a variety of improvements will become readily
apparent upon a review of the present patent application. For
example, one extension would be to add one or more
reacting mixtures in a) the rich and lean reservoirs 18 and 14,
b) 1n the pump reservoir 22, or both. In addition, 1f the
amplitude of the pressure waves 1s large enough, 1t may
enhance the chemical reaction rate since reaction rates are a
function of concentration. In addition, the reaction could be
occurring 1n a reservoir that 1s separate from one or more of
the a) rich and lean reservoirs 18 and 14, b) or the pump
reservoir 22, and the byproducts of the reaction could be
supplied to the lean reservoir 14, the rich reservoir 18 or the
pump reservoir 22. As another alternative, one or more
semi-permeable membranes can be used to selectively allow
certain chemicals to pass from the reaction to the lean
reservoir 14, the rich reservoir 18 or the pump reservoir 22.
The devices 10-10c¢ described above can be used to separate
the reactants from products and/or products from each other.

[0094] From the above description, it is clear that the
present mnvention 1s well adapted to carry out the objects and
to attain the advantages mentioned herein, as well as those
inherent 1n the invention. While presently preferred embodi-
ments of the mvention have been described for purposes of
this disclosure, 1t will be understood that numerous changes
my be made which will readily suggest themselves to those
skilled 1in the art and which are accomplished in the spirit of

the mvention disclosed and as defined 1n the appended
claims.

What 1s claimed 1is:

1. An acoustic/pressure wave-driven device for separating
a first component from a fluid mixture of the first component
and a fluid second component, the device comprising:

a rich reservoir defining a space for containing a volume
of the fluid mixture having an elevated concentration of
the first component;

a lean reservoir defiming a space for containing a volume
of the fluid mixture having a lesser concentration of the
first component that 1s less than the elevated concen-
tration of the first component of the fluid mixture in the
rich reservoir;

a pump reservoir defining a space for containing a volume
of a flmd mixture of the first component and the second
fluid component;

a bridge structure having at least one sidewall defining at
least one gradient channel having a first end 1 fluid
communication with the space defined by the rich
reservolr, a second end 1n fluid communication with the
space defined by the lean reservoir, and a length extend-
ing between the first end and the second end, the
gradient channel for containing a volume of a fluid
mixture of the first component and the second liquid
component having a concentration gradient of the first
component along the length of the gradient channel,
and wherein a diffusion portion of the sidewall 1s
disposed between the gradient channel and the space
defined by the pump reservoir and wherein the diffu-
sion portion permits diffusion of at least the first
component between the gradient channel and the space
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defined by the pump reservoir while substantially pre-
venting tluid tlow between the gradient channel and the
space defined by the pump reservoir; and

an acoustic/pressure wave source in communication with
the pump reservoir for providing acoustic waves 1nto a
fluid mixture within the space defined by the pump
reservolr for causing pressure oscillations in the fluid
mixture therein adjacent to the diffusion portion for
moving molecules of the target component against the
concentration gradient from the lean reservoir into the
rich reservorr.

2. The acoustic/pressure wave-driven device of claim 1,
wherein the diffusion portion 1s formed of a membrane
material.

3. The acoustic/pressure wave-driven device of claim 2,
wherein the membrane material 1s selected from the group
consisting of: polymer material, latex material, a fibrous

maternial, and any other matenial allowing diflusion of the
components of the mixture through 1t.

4. The acoustic/pressure wave-driven device of claim 2,
wherein the entire sidewall of the bridge structure 1s formed

of the membrane material.

5. The acoustic/pressure wave-driven device of claim 1,
wherein at least a portion of the bridge structure 1s disposed
within the space defined by the pump reservorr.

6. The acoustic/pressure wave-driven device of claim 5,
wherein the bridge structure has at least one sidewall and
defines a plurality of gradient channels, each gradient chan-
nel having a first end 1n fluid communication with the space
defined by rich reservoir, a second end 1 flmd communi-
cation with the space defined by the lean reservoir, and a
length extending between the first end and the second end,
cach gradient channel for containing a volume of fluid
having a concentration gradient of the first component along
the length of the gradient channel, and wherein at least one
diffusion portion of at least one sidewall 1s disposed between
cach gradient channel and the space defined by pump
reservoir and wherein each diffusion portion 1s adapted to
permit diffusion of at least the first component between the
gradient channel and the space defined by the pump reser-

volr while preventing fluid tlow between the gradient chan-
nel and the space defined by the pump reservorr.

7. The acoustic/pressure wave-driven device of claim 6,
wherein at least one of the plurality of gradient channels 1s
at least partially defined by a double membrane.

8. The acoustic/pressure wave-driven device of claim 1,
wherein the acoustic/pressure wave source 1s selected from
the group consisting of: piezoelectric elements, speakers,
vibrating membranes, and a device that can introduce stand-
Ing pressure waves in the pump reservorr.

9. The acoustic/pressure wave-driven device of claim 1,
wherein the position of the acoustic/pressure wave source 1s
selected from the group consisting of: 1 direct physical
contact with the acoustically driven device, 1n direct physi-
cal contact with the pump reservoir, spaced apart from the
pump reservoir, and within the space defined by the pump
reservoilr.

10. The acoustic/pressure wave-driven device of claim 1,
wherein the acoustic/pressure wave source provides acoustic
waves of predetermined characteristics.

11. An acoustically/pressure wave-driven device for sepa-
rating at least a first component and a second component
from a fluid mixture of at least the first component, the
second component, and a third flid component, the device
comprising;
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a first concentration reservoir defining a space for con-
taimning a volume of fluid mixture of at least the first
component, the second component, and the third fluid
component, the fluid mixture having an elevated con-
centration of the first component and a lesser concen-
tration of the second component;

a second concentration reservoir defining a space for
containing a volume of fluid mixture of at least the first
component, the second component, and the third fluid
component, the fluild mixture having a lesser concen-
tration of the first component than the elevated con-
centration of the first component 1n the first concentra-
tion reservolr, the fluid mixture further having an
clevated concentration of the second component greater
than the lesser concentration of the second component
in the fluid mixture of the first concentration reservoir;

a pump reservoir defining a space for containing a volume
of a fluid mixture of at least the first component, the
second component, and a third fluid component;

a bridge structure having at least one sidewall defining at
least one gradient channel 1n fluid communication with
cach of the spaces defined by the at least two concen-
tration reservolrs, and a length extending between the
concentration reservoirs, the gradient channel for con-
taining a fluid having a concentration gradient of each
of at the first component and the second component
along the length of the gradient channel, and wherein a
diffusion portion of the sidewall 1s disposed between
the gradient channel and the space defined by the pump
reservolr and wherein the diflusion portion i1s permits
diffusion of at least the first component and the second
components between the gradient channel and the
space defined by the pump reservoir while preventing
fluid flow between the gradient channel and the space
defined by the pump reservoir; and

an acoustic/pressure wave source 1 communication with
the pump reservoir for providing acoustic waves of 1nto
the fluid mixture within the space defined by the pump
reservolr to cause pressure oscillations i the fluid
mixture therein adjacent to the diffusion portion for
moving molecules of at least the first component and
the second component against their respective concen-
tration gradients between the first concentration reser-
volr and the second concentration reservoir.

12. The acoustic/pressure wave-driven device of claim 11,
wherein the diffusion portion 1s formed of a membrane
material.

13. The acoustic/pressure wave-driven device of claim 12,
wherein the membrane matenal i1s selected from the group
consisting of: polymer maternial, latex material, and fibrous
material.

14. The acoustic/pressure wave-driven device of claim 13,
wherein the entire sidewall of the bridge structure 1s formed
ol a membrane material.

15. The acoustic/pressure wave-driven device of claim 11,
wherein at least a portion of the bridge structure 1s disposed
within the space defined by the pump reservorr.

16. The acoustic/pressure wave-driven device of claim 15,
wherein the bridge structure has at least one sidewall and
defines a plurality of gradient channels, each gradient chan-
nel 1n fluid communication with each of the spaces defined
by the first concentration reservoir and the second concen-
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tration reservoir, and a length extending between the con-
centration reservoirs, the gradient channel containing a fluid
having a concentration gradient of each of the first compo-
nent and the second component along the length of the
gradient channel, and wherein a diffusion portion of the
sidewall 1s disposed between the gradient channel and the
space defined by the pump reservoir and wherein the diflu-
s10n portion 1s adapted to permit diffusion of at least the first
component and the second component between the gradient
channel and the space defined by the pump reservoir while
preventing fluid tlow between the gradient channel and the
space defined by the pump reservorr.

17. The acoustic/pressure wave-driven device of claim 16,
wherein at least one of the plurality of gradient channels 1s
at least partially defined by a double membrane.

18. The acoustic/pressure wave-driven device of claim 11,
wherein the acoustic/pressure wave source 1s selected from
the group consisting of: piezoelectric elements, speakers,
and vibrating membranes.

19. The acoustic/pressure wave-driven device of claim 11,
wherein the position of the acoustic/pressure wave source 1s
selected from the group consisting of: 1 direct physical
contact with the acoustically driven device, 1n direct physi-
cal contact with the pump reservoir, spaced apart from the
pump reservolr, and within the space defined by the pump
Ieservolr.

20. A method of separating a first component from a fluid
mixture of the first component and a fluid second compo-
nent, comprising the steps of;

providing an acoustic/pressure wave-driven device com-
prising:

a rich reservoir defining a space for containing a
volume of the fluid mixture having an elevated
concentration of the first component;

a lean reservorr defining a space for contaiming a
volume of the fluid mixture having a lesser concen-
tration of the first component that 1s less than the
clevated concentration of the first component of the
fluid mixture 1n the rich reservoir;

a pump reservoir defining a space for containing a
volume of a fluid mixture of the first component and
the second flmd component;

a bridge structure having at least one sidewall defining
at least one gradient channel having a first end 1n
fluid communication with the space defined by the
rich reservoir, a second end 1n fluid communication
with the space defined by the lean reservoir, and a
length extending between the first end and the sec-
ond end, the gradient channel for containing a vol-
ume of a fluid mixture of the first component and the
second liquid component having a concentration
gradient of the first component along the length of
the gradient channel, and wherein a diffusion portion
of the sidewall 1s disposed between the gradient
channel and the space defined by the pump reservoir
and wherein the diffusion portion permits diffusion
of at least the first component between the gradient
channel and the space defined by the pump reservoir
while substantially preventing fluid tlow between the
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gradient channel and the space defined by the pump
reservoir; and

an acoustic/pressure wave source in communication
with the pump reservorr for providing acoustic
waves mmto a fluid mixture within the space defined
by the pump reservoir for causing pressure oscilla-
tions 1n the fluid mixture therein adjacent to the
diffusion portion for moving molecules of the target
component against the concentration gradient from
the lean reservoir into the rich reservoir; and

adding a volume of fluid mixture to the space defined by
the rich reservorr, the fluid mixture having an elevated
concentration of the first component;

adding a volume of fluid mixture to the space defined by
the lean reservoir, the fluild mixture having a lesser
concentration of the first component that 1s less than the
clevated concentration of the first component of the
fluid mixture 1n the rich reservoir;

adding a volume of fluid mixture of the first component
and the second fluid component to the space defined by
the pump reservoir;

activating the acoustic/pressure wave source to provide
acoustic waves 1nto the space defined by the pump
reservolr to establish and maintain the concentration
gradient within the gradient channel.

21. The method of claim 20, further comprising the steps
of:

adding additional amounts of a fluid mixture of the first
component and a second fluid component to each of the
lean and rich reservoirs at substantially-pre-determined
rates; and
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tuning the power of the acoustic waves delivered to the
space defined by the pump reservoir to a level suflicient
to cause the acoustic/pressure wave-driven device to
separate the first component from the mixture at a rate

corresponding to the substantially predetermined rates
at which the fluid mixture 1s added.

22. The method of claim 21, wherein the steps of adding
additional amounts of a fluid mixture and tuning the power
of the acoustic waves are substantially simultaneous.

23. The method of claim 21, further comprising the steps
of:

removing a lean product stream from the lean reservoir at
a rate substantially equal to the rate at which the tfluid
mixture 1s added to the lean reservoir; and

removing a rich product stream from the rich reservoir at

a rate substantially equal to the rate at which the fluid
mixture 1s added to the rich reservour.

24. The method of claim 23, wherein the mixture is
saltwater, and wherein the lean product stream includes
water having a lesser concentration of salt, and the rich
product stream includes water having an elevated concen-
tration of salt that 1s greater than the lesser concentration of
salt in the lean product stream.

25. The method of claim 24, wherein the concentration of
salt 1n the lean product stream 1s such that the state of the
lean product stream 1s selected from the group consisting of:
substantially potable for mammals, substantially potable for
humans, and suitable for agricultural uses.
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